Low cost Jordanian natural zeolite (ANZ1 and ANZ2) of type phillipsite-chabazite obtained from Jabal al Ataitahat south Jordan were tested experimentally as adsorbent material for the removal of lead (Pb) and lithium (Li) ions from the effluent industrial wastewater streams. The experimental breakthrough curves were obtained from fixed bed experiments and analysed using the Thomas and Yoon and Nelson kinetic models to evaluate the adsorbent performance. The rate constants for the Thomas model for the removal of lead ions using the adsorbents ANZ2 and ANZ1 were 0.201 and 0.2345 mL/min/mg, respectively. The Thomas model adsorption capacity for the removal of lead ions using the adsorbents ANZ2 and ANZ1 were 34.7 and 23.64 mg/g, respectively. The estimated rate constants for the Yoon and Nelson model for the two ANZ2 and ANZ1 were 0.038 and 0.05 min -1 , respectively. The kinetic data fitted well to both models. The rate constants for the Thomas model for the removal of lithium ions using the adsorbents ANZ1 and ANZ2 were 0.134 and 0.1005 mL/min/mg, respectively, where the Thomas model adsorption capacity for the removal of lithium ions using the adsorbents ANZ1 and ANZ2 were 18.65 and 21.43 mg/g, respectively.
Natural zeolites are a group of hydrated aluminum silicates of the alkali or alkaline earth metals (sodium, potassium, magnesium, calcium) characterised by low mining cost, availability, bulk density and high resistance to alteration (Mercer & Ames ) . Ion exchange capacity and cation selectivity are the most important properties for zeolite as a natural molecular sieve material for wastewater treatment. The zeolite prefers, or is more selective for, certain cations and is less selective for others (Colella ) . Also Purnomo & Prasetya () studied the adsorption breakthrough curves of Cr (VI) on bagasse fly ash. They measured the breakthrough curve at room temperature using a fixed-bed apparatus. They tried to fit the experimental data to fixed-bed model for breakthrough curve. They concluded that if the value of D e and k can be obtained, it will allow an easier prediction of the behaviour of breakthrough curves in specific adsorption operating conditions and column dimensions without carrying out any adsorption equilibrium experiments. Nevenka et al. () studied the natural zeolite from Serbia as an adsorbent for nickel ions from aqueous solution. They found that the sorption capacity increased three times by increasing the temperature from 298 to 338 K. The sorption was best described by the Sips isotherm model. This was in accord with observations generally encountered in heavy metal sorption studies (Alyuz & can be estimated independently of the experimental data.
The model is able to predict the breakthrough curves accurately.
Fixed bed adsorption using Jordanian natural zeolite minerals might be an attractive industrial application for the removal of heavy metals from wastewater streams containing heavy metals. Prediction of the kinetic parameters from the experimental breakthrough curve for the effluent is the predominant factor for the successful design of a column adsorption process. However, there has been no attempt to correlate the fixed bed experimental behaviour for the adsorption of lead and lithium ions on Jordanian natural zeolite minerals with a kinetic model or even modelling the experimental data.
In this study, important kinetic parameters have been investigated to design a column experiment packed with Jordanian natural zeolite beds for the removal of lead and lithium heavy metals. The experimental data were represented using breakthrough curves for the adsorption of metals and modelled using the Thomas model and Yoon and Nelson kinetic models. A comparison study was carried out for the experimental breakthrough curves and the calculated theoretical curves.
MATERIALS AND METHODS
The used fixed bed adsorbent is natural zeolite (ANZ) (phillipsite-chabazite type) obtained from Jabal Al Ataitah, the geology and characterization of this zeolite was studied by Al Dwairi (). Two sizes of AZN, summarized in Table 1 , were used in the experiments (ANZ1 and ANZ2).
The adsorbents ANZ1 and ANZ2 were from the same source and have the same mineral composition, however they differ in their size. Table 1 shows that the adsorbent ANZ2 is smaller in size (0.3-0.7 mm) whereas the adsorbent ANZ1 is larger (0.7-1.0 mm). for smaller particles, and therefore the adsorbate will be more quickly adsorbed onto the active sites of the zeolite particles. Moreover, smaller particle have larger total external surface area per volume.
EXPERIMENTAL
The particle size has an important influence on the flow through the column. The smaller size particles lead to greater hydraulic resistance. This significantly influences the residence time of the solute in the column, which can be longer in the case of smaller particles. Therefore, a higher probability for adsorption equilibrium is achieved in the case of the smaller size particles, whereas in the case of larger size particles, the solution is more likely to leave the column before equilibrium is reached.
Analysis using the Thomas kinetic model
The analysis of the breakthrough curves presented in Figure 1 was performed using the Thomas kinetic model. The Thomas model is also referred to as the bed-depth-service-time model.
The analysis of experimental breakthrough curves was implemented by many authors to determine the kinetic parameters using the Thomas kinetic model (Baek et al. ;
Sivakumar & Palanisamy ). The linearized form of the
Thomas model is given by the following equation:
where the kinetic parameters K T and q 0 are the Thomas rate constant (mL/min/mg) and the maximum adsorption capacity (mg/g), respectively. V is the throughput volume Table 2 .
By examining the Thomas model kinetic parameters in Table 2 , it can be concluded that the adsorbent ANZ2 has a higher value of adsorption capacity to lead ions than ANZ1. Also, ANZ2 has a higher value of adsorption capacity to lithium ions than ANZ1. Moreover, ANZ1 and ANZ2 possess higher adsorption capacity to lead ions than to lithium ions.
Analysis using the Yoon and Nelson kinetic model
To evaluate the obtained experimental breakthrough curves and to better understand the fixed bed performance and column kinetics, the breakthrough curve of Figure ln
where C e , C 0 are the effluent and inlet solute concentrations, respectively (mg/L); K YN is the Yoon and Nelson rate constant (min -1 ); τ is the time required for 50% adsorbate breakthrough (min) and t is the breakthrough time (min).
Thus, a plot of ln[(C e /C 0 -C e ] against t at a given flow rate should give a straight line with slope of K YN , and intercept of (2)) is given in Figure 3 . Obviously, the measured breakthrough curves in Figure 1 follow the Yoon and Nelson model with a correlation coefficient 
Modeling of the experimental breakthrough curves
The measured breakthrough curves (Figure 1 ) are compared with the calculated values estimated from the Thomas model (Equation (1)) and the Yoon and Nelson model (Equation (2)) using the kinetic parameters in Table 1 
